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ABSTRACT
Region-specific Role of Water in Collagen Unwinding and Assembly. (August 2008)
Krishnakumar Mayuram Ravikumar, B.E., University of Madras
Chair of Advisory Committee: Dr. Wonmuk Hwang
Conformational stability of the collagen triple helix affects its turnover and
determines tissue homeostasis. Although it is known that the presence of imino
acids (prolines or hydroxyprolines) confer stability to the molecule, little is known
regarding the stability of the imino-poor region lacking imino acids, which plays a
key role in collagen cleavage. In particular, there have been continuing debates about
the role of water in collagen stability. We addressed these issues using molecular
dynamics simulations on 30-residue long collagen triple helices, including a structure
that has a biologically relevant 9-residue imino-poor region from type III collagen
(Protein Data Bank ID: 1BKV). We characterized the conformational motion of the
molecule that differs between imino-rich and imino-poor regions using a torsional map
approach. At temperatures of 300 K and above, unwinding initiates at a common
cleavage site, the glycine-isoleucine bond in the imino-poor region. This provides
a linkage between previous observations that unwinding of the imino-poor region
is a requirement for collagenase cleavage, and that isolated collagen molecules are
unstable at body temperature. Unwinding of the imino-poor region is controlled by
dynamic water bridges between backbone atoms with average lifetimes on the order
of a few picoseconds, as the degree of unwinding strongly correlated with the loss
of water bridges, and unwinding could be either prevented or enhanced, respectively
by enforcing or forbidding water bridge formation. While individual water bridges
were short-lived in the imino-poor region, the hydration shell surrounding the entire
molecule was stable even at 330 K. The diameter of the hydrated collagen including
iv
the first hydration shell was about 14 A˚, in good agreement with the experimentally
measured inter-collagen distances. These results elucidate the general role of water in
collagen turnover: water not only affects collagen cleavage by controlling its torsional
motion, but it also forms a larger-scale lubrication layer mediating collagen self-
assembly.
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1CHAPTER I
INTRODUCTION
The collagen triple helix is a fundamental structural motif composed of three poly-
proline II type α chains wound in a right-handed manner. The primary structure of
each α chain consists of GXY triplets (G: Gly and X,Y: other amino acids). The triple
helical structure has been studied for several decades, and features that stabilize the
molecule without specifically involving water molecules are relatively well-established.
Hydrogen bonds are formed between N-H of Gly and C=O of X in adjacent α chains
along the length of the molecule [1], following the model II of Rich and Crick [2]
(Fig. 1). The molecule is further stabilized by imino acids in X (Pro) or Y (Pro or
Hyp: hydroxyproline), that provide a structural constraint giving a tightly wound
tertiary structure [3]. However, the role of water in collagen stability is still under
debate. The enhanced stability conferred by Hyp in the Y position was initially
thought to be mediated by additional water bridges formed with the -OH group of
Hyp, as observed in x-ray structures [4, 5, 6, 7].
But Engel et al., observed that the triple helix formed by the (GPO)n peptide
(O: one-letter code for Hyp) was more stable than that by the (GPP)n peptide in non-
aqueous solutions, suggesting that higher stability conferred by Hyp is not mediated
by specific water bridges [8]. Raines and co-workers proposed a different explanation
[9, 10]. Rather than by water, they showed that the inductive effect of the -OH
group in Hyp favors a more stable trans conformation. Later studies by Slatter et al.,
however, suggested that the inductive effect cannot be solely responsible for collagen
stability, but staggering of α chains and external bonds, likely mediated by water,
This thesis follows the style of IEEE Transactions on Automatic Control.
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Fig. 1. Backbone hydrogen bonds and water bridges in the imino-poor region of 1BKV.
Chain 1 repeats after chain 3 to show bonds between the two. Side chains are
not shown and Gly is shaded gray. Dotted: direct backbone hydrogen bonds.
Dashed with the letter ‘W’: surface water bridges, named from B1 to B9. Note
that an imino acid does not have the backbone N-H group, thus cannot form a
water bridge if it occupies the position X. Each triad consists of three residues
to the right of the triad number (see, Fig. 2). Triads outside the range 5-14
are in imino-rich domains (not shown).
3might be necessary [11].
In any case, more than 60% of GXY triplets in collagen do not have Hyp in the
Y position [12], thus it is unclear to what extent Hyp contributes to the stability of
the entire molecule. Furthermore, when the entire type I collagen instead of the GPP
or GPO peptides was tested in alcoholic solutions, there was a non-monotonic de-
pendence of its stability on the concentration of alcohol [13], suggesting that collagen
stability is affected by hydration in a complex way.
Even less is clear about the stability of the imino-poor region (the region devoid
of imino acids). Only in these regions, x-ray crystallography found bridges formed
by a single water molecule between N-H of X and C=O of Gly in the adjacent α
chain [3, 14, 15] (Fig. 1). These bridges likely form and break in solvated collagen
molecules, and a static picture based on the crystal structure does not provide enough
evidence for their stabilizing role. Stability of the imino-poor region is particularly
important for the biological function of collagen. These regions are called thermally
labile domains [16, 17], which are more flexible than imino-rich regions (regions com-
posed solely of GPP and GPO triplets), and aid in alignment and assembly of collagen
molecules. The observation that individual collagen molecules are unstable at body
temperature [18] could also be related to the lability of imino-poor regions, as they
are less stable than imino-rich regions. Aside from affecting the global stability of the
collagen molecule, subtle conformational behavior of these labile regions appears to
be related to collagen turnover. Specific collagen cleavage occurs at the G-X bond in
the Gly-[Ile or Leu]-[Ala or Leu] sequence, which is located upstream in an imino-poor
region [19]. A detailed comparison of these regions in different collagens suggested
that local conformation of collagen downstream to this cleavage site, not the local
sequence, is a major factor in directing its proteolysis [19]. Structural evidence in-
dicates that the collagen cleavage domain of a matrix matalloproteinase (MMP) can
4accommodate only one α chain [20], which can occur through unwinding of the loosely
wound imino-poor region.
For developing further insights into the conformational behavior of the imino-
poor region and the stabilizing role of water, molecular dynamics (MD) simulation is
an effective approach: it can provide atomistic details of conformational fluctuations,
organization of water around collagen, and hydrogen bonding events at physiological
temperatures. However, previous simulations on collagen either focused only on the
hydration of imino-rich regions [21, 22, 23, 24], or studied externally induced denat-
uration of the imino-poor region without considering the hydration effect [25]. As
mentioned above, rather than large conformational perturbations, a subtler unwind-
ing of the imino-poor region is a biologically more relevant motion.
In this study, we perform explicit water MD simulations on collagen mimetic
peptides to elucidate the dynamic role of water bridges for stabilizing the imino-
poor region, as well as characterize the hydration structure along the length of the
molecule. We found that individual water bridges form and break on the order of a
few picoseconds, yet they are necessary to keep the imino-poor region from unwinding.
On the other hand, water molecules that form a single hydrogen bond to the backbone
destabilizes the triple helix as they merely provide thermal energy to the structure.
In addition to surface-bound waters, we characterize the hydration shell covering the
entire triple helix. The diameter of the cylinder formed by the boundary of the first
hydration shell is about 14 A˚, in close agreement with previous measurements of
inter-collagen distances [26, 27, 28]. While the imino-poor region unwound during
simulation at 300 K, the hydration shell was stable and was nearly intact even at 330
K. Water thus plays a dual role: at the level of individual molecules, it binds to the
imino-poor region and controls its unwinding, while at the mesoscale level, it forms
a hydration shell and acts as a biological lubricant that mediates the alignment and
5self-assembly of collagen molecules.
6CHAPTER II
METHODS
A. Simulation of 1BKV
We used CHARMM [29] version 31b1 with the param22 all-atom force field [30];
additional parameters for Hyp were added from an earlier study [31]. To the crystal
structure 1BKV (resolution: 2.0 A˚) [3], hydrogens were added using the HBUILD
facility in CHARMM [32].
The peptide was solvated in a water box (dimensions: 112×37×37 A˚3) containing
pre-equilibrated 5544 TIP3 water molecules (density: 1080 kg/m3). Periodic bound-
ary conditions were imposed around the solvation box. Water molecules whose oxygen
atoms were within a radius of 2.2 A˚ from heavy atoms in the peptide were deleted.
After solvation, there were 5075 water molecules in the simulation box. We used
a systematic energy minimization scheme to eliminate close contacts and geometric
strains as described below [17]. The peptide was initially fixed and water molecules
were minimized for 100 steps by steepest descent (SD) and for 400 steps by adapted
basis Newton-Raphson (ABNR) method. As the next step, only the backbone was
fixed and side chains along with water molecules were minimized chain by chain for
200 steps and then together for 500 steps by ABNR. The side chains were minimized
chain by chain to solvate them better and to eliminate close sidechain-sidechain con-
tacts. Finally, all constraints were removed and the system was minimized for 200
steps using ABNR.
The system was heated from 0 K, at a heating rate of 10 K/ps, and equilibrated
at target temperatures (T = 273 K, 300 K, and 330 K) for 35 ps, with all atoms
of 1BKV harmonically constrained to their original positions. After heating, equili-
7Table I. Summary of simulations performed. In simulations with no charge on select
backbone H and/or O atoms, water bridge formation is prevented. At 330
K, k is the spring constant of the harmonic restraint used to enforce water
bridges (1 kcal/(mol A˚2) = 695 pN/nm). The reflecting boundary prevents
the peptide from diffusing out of the simulation box in longer 5 ns simulations.
Simulation Description Peptide (Time)
At 273 K
No constraint 1BKV (2 ns)
No charge on N-H of X 1BKV (2 ns)
No charge on N-H of X and C=O of G 1BKV (2 ns)
At 300 K
No constraint 1BKV (2 ns)
Reflecting boundary 1BKV (5 ns)
No constraint GPP (1 ns)
No constraint GPO (1 ns)
No charge on N-H of X 1BKV (2 ns)
No charge on N-H of X and C=O of G 1BKV (2 ns)
At 330 K
No constraint 1BKV (2 ns)
Reflecting boundary 1BKV (5 ns)
Reflecting boundary and
harmonic constraint on water bridges
k = 10.00 kcal/(mol·A˚2) 1BKV (5 ns)
8bration followed during which temperatures were rescaled if they deviated by more
than ±2 K from target temperatures. The final production run was performed using
the Leap-Frog Verlet integration algorithm with a time step of 1 fs at each target
temperature and all harmonic constrains removed. Durations of production runs are
shown in Table I. Coordinates were saved every 0.5 ps. The non-bonded pair and
image atom lists were updated at each simulation step. A 12 A˚ distance cutoff was
used for non-bonded interaction energies. Trajectories were stable during production
runs with relative root-mean-square fluctuations of temperature and energy less than
0.65% and 0.14%, respectively.
At 273 K, the peptide stayed within the simulation box during the 2-ns produc-
tion run. At 300 K and 330 K, after 1 ns the peptide moved, tilted, and its ends
went outside the simulation box. We thus introduced a harmonic constraint, which
would be applied on atoms of the triple helix only when they move outside a cylinder
of diameter 34 A˚ about the longer axis through the center of the simulation box. In
comparison, the diameter of a dehydrated collagen molecule including side chains is
≈12 A˚ [27]. The main function of the constraint was to prevent the molecule from
diffusing out of the simulation box, and it had little effect on the conformation of
the molecule other than slowing down of unwinding caused indirectly by its limited
bending motion. In this scheme we performed 5 ns simulations at 300 K and 330
K. Each nanosecond of MD simulation took ≈2 days with 10 Intel Xeon (3.0 GHz)
processors running in parallel.
B. GPP and GPO peptides
Structure of the GPP peptide where each α chain has the sequence (GPP)10 (Protein
Data Bank (PDB) ID: 1K6F, resolution: 1.3 A˚) [33] was solvated in a water box
9as described for 1BKV. After solvation the simulation box contained 5104 water
molecules.
Crystal structure of the (GPO)10 peptide is not available. We thus constructed
the backbone of the peptide using the THeBuScr program [34]. Side chains were
added using existing CHARMM residue topology files and energy minimization was
performed residue by residue. As a test, we constructed one of the α chains of 1BKV
by the above method and compared the root mean square deviation of heavy atoms
from the 1BKV crystal structure, which was 1.8 A˚, less than the resolution of 1BKV
(2.0 A˚). After solvating the GPO peptide, there were 5076 water molecules. Both
systems were energy minimized, heated, and equilibrated, as done for 1BKV, and the
production run at 300 K lasted for 1 ns.
C. Characterization of unwinding
As unwinding of collagen is a delicate conformational change often referred to as
microunfolding [19], a sensitive method is required to characterize it. We applied the
method based on local triads developed in our previous study [17]. Briefly, triangles
were constructed joining the Cα atoms of Gly, X, and Y of adjacent chains along
the length of the peptide (Fig. 2). The centroid of each triangle was chosen as the
local coordinate origin and eˆ1 was defined as the unit vector along the line joining the
centroid to the midpoint of the line segment joining Cα atoms of chain-1 and chain-2.
Setting eˆ3 perpendicular to the plane fixes eˆ2 = eˆ3 × eˆ1. The first two triads and the
last two triads were omitted in the analysis to reduce end effects. In this way, triads
1-4 and 15-24 form imino-rich regions, and triads 5-14 form the imino-poor region.
By monitoring the Euler angle difference between two triads, the helical or torsional
twist across any length of the peptide can be calculated. Mathematical details of this
10
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Fig. 2. Characterization of unwinding using triads. Each triad is based on the triangle
that connects neighboring Cα atoms (represented by spheres) forming the cross
section of the molecule. A set of arrows attached to each triangle represent
the local coordinate basis of the triad, whose torsional angle can be used to
quantify helical twist and unwinding [17]. Conformations are shown: (A) At
start and (B) after 5 ns of MD at 330 K. Triads 5, 10, and 15 are numbered.
The unwound region is marked in (B).
method can be found in Appendix A [17].
D. Water bridging and pertinent simulations
A water bridge is considered to be present only when the water oxygen atom and at
least one of its hydrogen atoms are simultaneously hydrogen bonded to a bridging
site as shown in Figure 1. We used a cutoff distance of 2.4 A˚ [35] for identifying
hydrogen bond formation and checked for water bridges every 0.5 ps (the coordinate
saving frequency).
For calculating the radial distribution function [See Fig. 11(D-F) on p.25], the
distance of each water oxygen to the nearest triad on 1BKV was first identified. To
eliminate the end effect, water molecules were ignored whose closest backbone atoms
were at the N- or C-terminal regions outside of triads 1-24. Distances were calculated
for every water molecule at each time frame during the production run. This was
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computationally expensive: for every 1 ns, it took ≈2 days to calculate distances using
2 Intel Xeon (3.0 GHz) processors running in parallel. A histogram of water distances
was made by counting the total number of water molecules during the simulation at
a radial distance r, with a bin size ∆r = 0.025 A˚. Water molecules that belong to
the same bin in the histogram form a contour that follows the periphery of three
circles of radius r, respectively centered at the three Cα atoms in the corresponding
triad. The contour length s was calculated analytically by assuming that each triad
is an equilateral triangle of the edge length 4.75 A˚. The volume element ∆V for this
contour is then ∆V = sl∆r, where l is the axial length of the region of interest. If
the region of interest (imino-poor, imino-rich, or overall) contains N triads, l = N∆l,
where ∆l = 3.65 A˚, is the average distance between centroids of triads. Finally, the
density of water oxygen at r was calculated by dividing the number of water molecules
in the histogram by ∆V ·(number of time frames).
In Figure 11(D,E), water density at r = 7 A˚ in the imino-rich region is lower
than that in the imino-poor region. This is because we did not compensate for
the absence of water outside of the simulation box, and the tilting motion of the
peptide rendered ends of the peptide (imino-rich regions) closer to the simulation
boundary. On the other hand, the density at r = 7 A˚ in the imino-poor region
(0.041 molecules/A˚3) is slightly higher than the bulk water density under standard
condition, 0.036 molecules/A˚3 (= 1.08 g/ml). This is because of the use of a uniform
∆l = 3.65 A˚, which in fact should be larger due to the looser twist of the region.
However, these factors have no effect on our main conclusion since only locations of
peaks and voids in the radial distribution function that are close to 1BVK (< 3.0 A˚),
are important. For hydration in the imino-rich domain, these locations are consistent
with a previous MD simulation [21].
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CHAPTER III
RESULTS
For analyzing the behavior of the imino-poor region, we used three different mimetic
peptides: 1BKV, GPP and GPO peptides. Each α chain of 1BKV has (POG)3 and
(POG)4 respectively at the N- and the C-terminus, with a 9-residue long imino-poor
domain in between (Fig. 1). The sequence is derived from a region of type III collagen
that is important in MMP binding and cleavage. For comparison, we also tested
peptides composed solely of GPP and GPO triplets. To support our conclusion, we
performed various sets of simulations at three different temperatures (Table I).
A. Imino-poor region is more prone to unwinding
Unwinding of 1BKV can be quantified by measuring changes in torsional angles of
individual triads (Fig. 2; see Methods) [17]. At 273 K, no noticeable unwinding
occurred during the first 2 ns, while it was more evident at 300 K and 330 K (Fig. 3).
At 300 K, unwinding was limited between triads 5-9 within the simulation time,
while it further propagated at 330 K. The 5-ns simulations in Fig. 3(B,C) were
performed in the presence of a cylindrical reflecting boundary to prevent the peptide
from diffusing out of the simulation box (see Methods; Table I), which slowed down
the conformational fluctuation of collagen by suppressing its global bending motion.
Simulations performed for 2 ns at 300 K and 330 K without the reflecting boundary
showed faster unwinding, but one end of the peptide moved out of the simulation
box (data not shown). If a larger simulation box without the reflecting boundary
were used (computationally more expensive), it would only accelerate unwinding for
a given simulation time. Regardless of variations in simulation conditions, it is clear
that the imino-poor region is more likely to unwind compared to imino-rich regions.
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As previously observed [17], unwinding initiates at the Gly-Ile bond (triads 5-8),
which is a major bond cleaved by collagenases [19]. Its spontaneous unwinding would
facilitate cleavage since collagenases cleave one α chain at a time [20].
As a comparison, we have performed the same simulation using triple helices
where individual α chains were composed of (GPP)10 or (GPO)10. No unwinding was
observed at 300 K during the 1-ns simulation time ( Fig. 4). Note that experimentally
measured melting temperatures of GPO (≥323 K) and GPP (≈307 K) peptides are
higher than that of 1BKV (≈290 K) [36, 37]. The inductive effect of Hyp in the Y
position would further add to the structural stability of imino-rich regions compared
to Pro in the Y position, which is why the GPO peptide is more stable than the
GPP peptide [36]. The force field used for the MD simulation does not incorporate
the inductive effect, thus the present simulation cannot accurately account for the
difference in stability of the GPP and GPO peptides. However, this has no effect on
the observed unwinding of the imino-poor region.
B. Dynamics of surface water bridges
There are nine water bridging sites in the imino-poor domain of 1BKV (Fig. 1).
Although multiple water molecules can join by hydrogen bonds to form a bridge [26],
in the present study, we analyzed only bridges mediated by a single water molecule
between backbones of α chains. As explained below, hydrogen bonds dynamically
form and break, which would make bridges involving multiple water molecules to
play a less stabilizing role compared to those involving a single water molecule.
Although we did not keep crystal water bridges, they re-formed soon after MD
started. We measured two different characteristic times to study the nature of water
bridges. The lifetime of a given water bridge is the duration for which a water
14
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bridge stays without breaking either of its hydrogen bonds to the peptide backbone.
The occupancy time is the total time for which a water bridging site is occupied
during simulation (sum of individual lifetimes) [Fig. 5(A)]. The average lifetime of
water bridges decreases with increasing temperature. More importantly, lifetimes
were on the order of a few picoseconds, which is less than that of individual water-to-
water hydrogen bonds in a bulk water [38]. Average occupancy also decreases with
increasing temperature. Note that we did not count water bridging events shorter
than the frequency of saving coordinates during MD, which was 0.5 ps. If these
events were considered, the occupancy would increase even more. Frequent formation
of water bridges with short lifetimes indicates their dynamic nature, so they should
not be considered to be in an ice-like phase. One of the main arguments against
water bridges playing a stabilizing role was the high entropic cost of holding water
molecules [9]. However, their short lifetimes suggest that there would be little entropic
cost associated with water bridging events, which is believed to be generally true for
surface-bound water molecules [39].
To further elucidate water bridge formation, lifetime and occupancy of the nine
water bridges were individually measured [Fig. 5(B,C)]. Overall, bridges near the
Gly-Ile region were shorter-lived with a lower occupancy, compared to those near the
C-terminal end of the imino-poor domain. B1 and B2 in the Gly-Ile region were
slightly more active than B3-B5, probably due to the staggered arrangement of α
chains, which places the GPO region next to the initial Gly-Ile bonds. As mentioned
above, Gly-Ile and Gly-Leu are the bonds cleaved by collagenases, at about three-
fourths of the length of collagen from the N-terminus [40]. There are many Gly-Ile and
Gly-Leu bonds in collagen, but the specificity of collagenases depends on the labile
imino-poor domain downstream of the cleavage site [19]. Consistent with this, we
found that Gly-Ile region and the bonds immediately downstream, where unwinding
18
initiates and propagates, to have the weakest water bridges, which can be seen more
clearly by monitoring individual water bridges over time (Fig. 6).
C. Loss of water bridges causes unwinding
Above observations suggest that loss of water bridges at higher temperatures could be
responsible for unwinding of the region. We measured the number of water bridges
and the helical angle across the imino-poor region of 1BKV as a function of time
(Fig. 7). No correlation was noticeable at 273 K, as the region did not unwind. At
300 K, the helicity of the imino-poor domain fluctuates more compared to 273 K, as
seen during 0.5-2.0 ns and 3.5-5.0 ns intervals. The number of water bridges correlates
well with this behavior. The correlation is also seen at 330 K, where the helical angle
fluctuates more and unwinding is evident.
As the number of water bridging events correlates well with unwinding of the
imino-poor domain, we tested if continuous presence of water bridges prevents un-
winding. We performed a 5-ns simulation at 330 K during which the nine water
bridges were maintained by harmonic constraints. The constraint was activated only
when hydrogen or oxygen of each water forming a bridge were more than 2.4 A˚ away
from respective backbone atoms in the peptide, a commonly used cutoff distance for
identifying hydrogen bonds [35]. Thus no extra force was applied when water bridges
were formed, and harmonic constraints were used only to restore water bridges when
they were broken. The spring constant of the constraint was 10 kcal/(mol·A˚2). As
before, a cylindrical reflecting boundary was applied to prevent the peptide from
moving outside the simulation box (Table I). During the simulation run, the aver-
age occupancy of water bridges was 79.3%, higher than that at 273 K without the
constraint [Fig. 5(A)]. Despite the simulation temperature of 330 K, the helicity of
19
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the molecule remained mostly intact. Only during the 2-3 ns period, triads 14-15 un-
wound slightly, which subsequently re-wound, restoring the original helicity by the 4-5
ns period [Fig. 8(A)]. Triad 14 contains the Gly-Leu bond (Fig. 1). As explained in
Discussion, together with the Gly-Ile bond, it is also a common cleavage site and has
a stronger tendency to unwind than other bonds due to the high β-sheet propensity
and hydrophobicity.
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D. Dual role of water as stabilizer and as thermal agitator
If water bridges are mainly responsible for stabilizing the imino-poor region, prevent-
ing water bridge formation should destabilize the region. We tested this by selectively
nullifying point charges on the backbone atoms that form hydrogen bonds with water.
Two cases were considered:
Case 1. No charge on N-H of X in the imino-poor region [Fig. 9(B)].
Case 2. No charge on N-H of X in the imino-poor region and on C=O of Gly
[Fig. 9(C)].
In Case 1, although water bridges cannot form, a single hydrogen bond can form with
water via C=O of Gly, while in Case 2, no water hydrogen bond can form on bridging
sites or on Gly along the entire peptide. As expected, in Case 1 the molecule unwound
even at 273 K [Fig. 10(A)]. Surprisingly, in Case 2, the molecule did not unwind
until the end of the 2-ns simulation [Fig. 10(B)]. Water can supply thermal agitation
directly to the peptide backbone through hydrogen bonding to the backbone atoms,
possibly via its pivoting motion. In Case 2, there are no hydrogen bonds between the
backbone and water, resulting in weaker thermal agitation, which likely explains the
absence of unwinding. The molecule in Case 2 can thus be considered to be in a neutral
state in which there is neither a stabilizing water bridge nor strong enough thermal
agitation, which possibly caused the torsional map to be less smooth compared to
other cases (Fig.10). However, when we did the same test at 300 K, thermal energy
was enough to unwind the peptide in Case 2 within 1 ns (data not shown). Taken
together, the above series of simulations confirm that thermal unwinding of the imino-
poor region is caused by loss of water bridges.
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E. Organization of hydration layers depends on the imino-acid content
Extending the analysis of water bridges, we considered spatial organization of water
around the entire triple helix. We first calculated the radial distance of water oxygen
atoms from the backbone. We chose the backbone instead of the helical axis as the
reference for distance measurement, since the helical axis is not well-defined during
MD simulations due to the conformational fluctuation of the molecule. For clarity, we
grouped backbone atoms belonging to the same triad and plotted the distance of each
water oxygen from the closest triad. Example snapshots are shown in Fig. 11(A-C),
which reveal that water oxygens are closer to the backbone in the imino-poor region.
On the other hand, a similar plot for water hydrogens shows that they are closer to
the backbone throughout the molecule ( Fig. 12).
To further understand these differences, we calculated the radial distribution
function of water oxygen in imino-rich and imino-poor regions, separately and to-
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gether [Fig. 11(D-F)]. The most prominent difference between the two regions is that
there are two peaks in the imino-poor region in contrast to one in the imino-rich
region. The first peak in the imino-poor region is a spatially discontinuous shell of
water molecules that include bridges and those hydrogen bonded to N-H of X. Indeed
the first peak is at ≈2.0 A˚ from the backbone, that corresponds to the typical hy-
drogen bonding distance between water oxygen and backbone hydrogen. Imino-rich
regions lack the backbone amide hydrogen (N-H of Gly is used for backbone hydrogen
bonding; Fig. 1), and are helically more tightly wound than imino-poor regions [3].
Side chain imino rings sterically hinder the entry of oxygen near the backbone. In
contrast, hydrogen atoms, being small and carrying less charge, can be close to the
backbone in all regions of the molecule ( Fig. 12). It should be noted that, if the
distance of water oxygen is measured from the entire collagen molecule including side
chains, a low density (0.01 A˚−3) first peak can be seen even for a GPO triple helix
[21]. However, this peak is caused by water molecules hydrogen bonded discretely to
the -OH group of Hyp, thus cannot be regarded as a semi-continuous shell covering
the molecule. Furthermore, their distance from the backbone is larger (similarly from
the helical axis), thus calculating distances based on the peptide backbone instead of
the entire molecule provides a clearer description of the radial organization of water
around the triple helix.
The second peak is at ≈2.8 A˚, and is non-specific to the imino acid content.
At this distance, water oxygens cannot form hydrogen bonds with backbone atoms.
Instead, water hydrogens form bonds with C=O of the backbone throughout the
molecule. This coincides with the first hydration shell identified in the x-ray struc-
ture of the GPP peptide [28]. A comparison between distributions of water oxygens
(Fig. 11) and water hydrogens (Fig. 12) reveals a subtle difference between the first
and the second peaks in Fig. 11 regarding orientations of water molecules. In the
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Fig. 13. A cartoon representing the orientation of water molecules (W1–W4; not to
scale). Black circle: oxygen. White circle: hydrogen. Dashed lines (- -)
separate important hydration regions including the two peaks and the void
region in Fig. 11(D-F). W1 and W3: Typical orientations of water bridges
found only in the imino-poor region, where one O-H bond is approximately
parallel to the surface of collagen. W2 and W4: Typical orientations radially
perpendicular to the backbone, which are present in both imino-poor and
imino-rich regions. Vertical arrows show approximate distances of hydration
peaks from the backbone of 1BKV. Note that only atoms that lie within the
first peak (≤ 2.4 A˚) can form hydrogen bonds with the backbone.
first peak, the O-H bond in water forming a bridge is parallel to the surface of the
triple helix (Fig. 13; W1,W3) such that oxygen as well as one hydrogen of water can
be hydrogen bonded to the backbone. In the second peak the O-H bond of water
molecule is oriented radially perpendicular to the backbone (Fig. 13; W2,W4). Such
difference in the orientation of water between the two peaks leads to regions devoid
of water oxygens at ≈2.40 A˚ and ≈3.25 A˚, which are also visible in Fig. 11(A-C).
The void region after the second peak is more pronounced in the imino-rich region
than in the imino-poor region due to the orientational variation of water molecules
in the first peak in the imino-poor region, (e.g., Fig. 13; W1 vs. W3) which disrupts
the order of water molecules in the second peak.
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F. The first hydration shell defines the boundary for collagen self-assembly
The density of water in the first peak is about half the bulk water density seen at
around 7 A˚ from the backbone, as seen in the imino-poor region [Fig. 11(E)]. The
second peak is higher than the bulk density [Fig. 11(D-F)], suggesting a densely
packed hydration structure. The radially parallel orientation of water (Fig. 13; W2,
W4) in the second peak suggests that they may assist in packing water molecules in
the space between side chains. Such packing could be entropically favored, similar to
the entropy-driven filling of protein cavities by water, as noted previously [41, 42, 43].
At higher temperatures, heights of the peaks vary slightly, but the overall struc-
ture of the radial distribution function does not change significantly [Fig. 11(D-F)].
The first peak decreases with increasing temperature, as less water is available for
bridging at elevated temperatures. The second peak (first hydration shell) is preserved
despite unwinding of the imino-poor region ( Fig. 14). The void region also retains
its low water oxygen density at all temperatures. These results suggest that, when
two collagen molecules with similar hydration structures self-assemble, they would
do so at the boundary of their first hydration shell such that void regions overlap.
It may not be the exact boundary every time two collagen molecules self-assemble,
but would set the minimum distance between the two owing to the stability of the
hydration shell. Backbone atoms in collagen are about 3-4 A˚ from the helical axis of
the molecule [34]. Adding this distance to the location of the void after the second
peak gives 6.25-7.25 A˚ from the helical axis, making the inter-axial spacing when
two helices self-assemble to be 12.5-14.5 A˚. This value agrees well with the 13-14 A˚
axis-to-axis distance measured in x-ray structures [26, 28, 44].
We also followed the time evolution of the radial distribution of water oxygens (
Fig. 14). The hydration layer in the imino-rich region fluctuates less than that in the
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imino-poor region. For example, at 300 K, the peak density of the radial distribution
function in imino-rich regions fluctuated by 42.8%, compared to 49.7% (86.9%) for
the second (first) peak in the imino-poor region. This data shows that imino-rich
regions are not only important in imparting structural stability, but they also define
a clearer hydration boundary for self-assembly. Disturbance of the radial distribution
function in the imino-poor region is particularly pronounced at 330 K (Fig. 14).
Such fluctuating nature of the hydration layer in the imino-poor region would make
it easier for enzymes or FACITs (fibril associated collagens with interrupted triple
helices) to bind, since a well ordered layer of water, as found in the imino-rich region,
would impose a stronger repulsive hydration force.
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CHAPTER IV
DISCUSSION AND CONCLUSION
A. Discussion
In the present study, we elucidate the linkage between the conformational behavior
of collagen and the hydration dynamics. A comparison between 1BKV and GPP or
GPO peptides reveals that the imino-poor region is much more likely to unwind than
imino-rich regions. In 1BKV, unwinding initiated at the Gly-Ile region, a typical
bond cleaved by collagenases. The high β-sheet propensity of Ile [45] would prefer
an extended conformation and assist with unwinding. Its hydrophobic nature could
be another feature that promotes unwinding by reducing water bridge formation
[Fig. 5(B,C)]. A similar behavior is expected for the other cleavage site, the Gly-
Leu bond. For globular proteins, the breakage of internal hydrophobic contacts is a
key event in unfolding [46]. As collagen is a linear molecule where hydrophobic side
chains are inherently exposed to water, imino-poor regions that contain hydrophobic
residues, including those of collagen cleavage sites, may serve as local nucleation
points for micro-unfolding of collagen, a behavior thought to be important for collagen
proteolysis [19].
Single water bridges between α chains in the imino-poor region [3] are highly
dynamic with lifetimes on the order of only a few picoseconds. Nevertheless, they
are crucial for stabilizing the imino-poor region: the helicity of the region closely
followed the number of water bridges (Fig. 7). Furthermore, enforcing water bridges
prevented unwinding of the helix (Fig. 8) whereas inhibiting water bridges resulted
in easier unwinding (Fig. 10). In the latter case, we have also found that water
not only stabilizes the structure when it forms a bridge, but when it forms a single
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hydrogen bond to the backbone instead of a bridge, it destabilizes the molecule by
supplying thermal energy. Such a dual role of water as a stabilizer and as an agitator
is consistent with the non-monotonic dependence of protein stability on the fraction
of organic solvents in water [13, 47]. In the case of type-I collagen, its denaturation
temperature exhibits a U-shaped curve as a function of the alcohol content in aqueous
solution, with a minimum at ∼30% by weight [13]. The initial destabilization up to
30% is possibly due to the loss of surface bound water bridges through disruption of
the first hydration shell and the first hydration peak (see below), while stabilization
at higher alcohol content is due to the lack of thermal agitation by ‘dangling’ water
molecules [cf., Fig. 9(B)]. Consistent with this picture, there is a rather general report
that the conformational mobility of proteins is kinetically restricted in anhydrous
media [47].
Unlike specific bridges in the imino-poor region, the overall hydration around the
molecule was found to be stable and little affected by unwinding or decreased lifetimes
of water hydrogen bond networks at higher temperatures (Fig. 11). In the imino-
rich region, bridges involving the -OH group of Hyp connected by multiple water
molecules have been observed in crystal structures [28]. Such bridges would be part
of the first hydration shell (the second peak in Fig. 11(F) which spans both imino-
poor and imino-rich regions. The position and geometry of this hydration layer should
be maintained not by specific hydrogen bonds or water bridges, but rather by steric
packing of water molecules near the surface, as illustrated in Fig. 13. In this case,
hydrogen bonds merely control water orientations, and their temperature-dependent
lifetimes do not determine the organization of hydration layers. Our view agrees with
the earlier observation that water hydrogen bonds with Hyp do not have a major
role in the stability of collagen [8]. Rather, backbone water bridges in the imino-poor
region, as discussed above, do have a stabilizing effect on collagen.
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Our results also indicate that the first hydration shell is a biological lubricant in
collagen self-assembly and determines the inter-helix distance. Without the hydration
shell, collagen molecules would aggregate by forming non-specific bonds, resulting in
kinetically trapped amorphous states [23, 48].
Leikin and co-workers measured the osmotic stress in removing water between
collagen molecules and reported a temperature independent, exponentially increasing
force for inter-helix distances below ≈16 A˚ [49, 50, 51]. This distance is close to our es-
timate 12.5-14.5 A˚, based on the void region after the first hydration shell. As seen in
Fig. 11(D-F), there is a modest second hydration shell (third hydration peak), which
may also contribute to the repulsive force and extend its range. Leikin and co-workers
explained that the exponentially repulsive force arises due to structural changes in
the hydration layer. Our analysis provides a microscopic basis for this argument. If
two collagen molecules become closer than the distance that can accommodate their
respective hydration shells, steric packing of water molecules (Fig. 13) would be dis-
rupted along the length of collagen, which would be much more unfavorable than
disrupting hydrogen bond networks. They also reported a weak, temperature depen-
dent attractive force at distances greater than ≈ 16 A˚ [50]. Such a force may arise
when two collagen molecules are at distances such that the oxygen devoid regions
(Fig. 11) flank each other. The void regions contain only smaller hydrogen atoms,
and filling such regions would be entropically favorable. This attraction is expected
to be weaker than repulsion at shorter distances, as it would be entropic, rather than
steric in origin, where the latter is temperature independent.
Attraction between collagen molecules disappears under various conditions, [51]
including addition of glycerol or glucose. This is likely to be related to the disruption
of the first hydration shell, as attraction or repulsion between collagen molecules
are based mainly on hydration forces. Apart from collagen, short-range exponential
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repulsion is common to other biomolecules such as DNA or lipids [49], possibly based
on a similar origin.
Although the present analyses are based on short collagen mimetic peptides, it
has implications on the conformational behavior of native collagens. The free energy
barrier for unwinding would be low, as unwinding was observed in our relatively short
MD simulations, which is consistent with the instability of isolated collagen molecules
at body temperature [18]. Even when they are cross linked and form a more stable
collagen fiber, imino-poor regions (thermally labile domains) [16] would still thermally
undulate in its helicity, as there are only a few cross-linking points along the length
of the molecule, especially in the early stage of fibril formation. This can happen
without disrupting the alignment of collagen molecules in the fiber, since the first
hydration shell was found to be intact even when the molecule unwinds. This view
suggests that a mechanically unloaded collagenous matrix is vulnerable to degradation
by collagenases, which require unwinding of the cleavage domain [20]. In contrast,
mechanical load on collagen would suppress unwinding, thus causes the matrix less
prone to degradation. The load-dependent cleavage of collagenous matrix has been
experimentally observed [52, 53, 54, 55].
B. Conclusion
Conformational stability of collagen molecules affects their hierarchical self-assembly
and turnover. Although unwinding of the imino-poor region had been suggested to
be a key conformational feature related to collagen cleavage, its atomistic details have
been missing. The present study elucidates the atomistic picture and illustrates that
unwinding initiates locally in the imino-poor region and is spontaneous at physio-
logical temperatures. Collagenases thus can take advantage of such innate feature
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of collagen, rather than actively unwinding the molecule for cleavage. Unwinding,
which is mediated by water, also provides a biological mechanism through which me-
chanical tension on the collagen molecule is linked to its cleavage and turnover – a
molecular-level protein structure-function relation crucial for the tissue-level home-
ostasis. Biological roles of water as a stabilizer, an agitator, or as a lubricant, as found
through the present study, have implications for higher-level collagen assemblies as
well as hydration behaviors of other biomolecules in general.
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APPENDIX A
CHARACTERIZATION OF UNWINDING
We generated local coordinate triads {eˆ1, eˆ2, eˆ3} to characterize the conformation
of the triple helix as follows. We constructed triangles joining the Cα atoms of Gly, X,
and Y of adjacent chains along the length of the molecule (Fig. 15 (A)). The centroid
of each triangle was chosen as the local coordinate origin and eˆ1 was defined as the
unit vector along the line joining the centroid to the midpoint of the line segment
joining Cα atoms of chain-1 and chain-2. Setting eˆ3 perpendicular to the plane fixes
eˆ2 = eˆ3× eˆ1 (Fig. 15(B)). The first two triads and the last two triads were omitted in
the analysis to reduce end effects (Fig. 15(C)). The remaining 24 triads within the
middle were grouped into three (I,II,III): domains I (triad 1-4) and III (triad 15-24)
are the regular GPO repeats at the N and C termini, while domain II (triad 5-15) is
the central imino-poor region.
We characterized orientations of triads using Euler angles.Let X = {eˆ1, eˆ2, eˆ3}
and X′ = {eˆ′1, eˆ′2, eˆ′3} be two adjacent triads (Fig. 15(B)). Denoting a Cartesian
coordinate basis fixed in space as E = {xˆ, yˆ, zˆ}, we have
X = AE, X
′
= BE, (A.1)
where A and B are 3× 3 matrices containing the Cartesian components of X and X′,
respectively. We then have
X
′
= T X (T ≡ BA−1). (A.2)
On the other hand, X and X′ are related by Euler transformation matrices by
X
′
= RxRyRzX =⇒ T = RxRyRz, (A.3)
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where
Rx =

1 0 0
0 cos θx sin θx
0 − sin θx cos θx
 ,
Ry =

cos θy 0 sin θy
0 1 0
− sin θy 0 cos θy
 ,
and
Rz =

cos θz sin θz 0
− sin θz cos θz 0
0 0 1
 .
As A and B are easily measurable in a given conformation of the molecule, T can
be calculated from Eq. A.2, which in turn gives Euler angles θx, θy, and θz by solving
Eq. A.3. If we set zˆ along the major axis of the triple helix, changes in θz represent
the degree of the helical twist (torsion). This can be seen by plotting the torsional
map as the difference ∆θz between a triad under consideration and a reference triad.
For example, if we set the first triad as the reference, ∆θz will monotonically increase
with the triad number for a right-handed triple helix, and the triad that reaches
∆θz = 360
◦ will define the period of the triple helix. Because θz is the rotation angle
of triads with respect to the z-axis, our method is not affected by the fact that the
triangles in Fig. 15(A) are not exactly perpendicular to the helical axis. For our
analysis, we chose the reference point as the first triad. If there was unwinding of
the triple helix in a particular region, it would show up as a change in slope of the
torsional map (cf. Fig. 3).
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Fig. 15. The three α-chains are shown in blue (chain-1), red (chain-2), and yellow
(chain-3). Spheres are Cα atoms of Gly (green) and X/Y (orange). (A)
Overview of 1BKV with the 24 triads. (B) Magnified view of the box in (A).
To show the face of the triangle, the molecule is rotated about the vertical
axis of the paper plane. Two neighboring triads are denoted {eˆ1, eˆ2, eˆ3} and
{eˆ′1, eˆ′2, eˆ′3}. (C) Triad numbers versus amino acid sequence. The horizontal
shift of the three chains reflects their staggered structure in the triple helix.
Triads are grouped into domains I, II, and III, as explained in the text. T1 and
T2 are unconsidered regions to eliminate end effects. Triads 5 to 8, marked
between grey dotted vertical lines, contain Gly-Ile bonds. (Note: The first
proline (P) residue in chain-1 in (C) is shown only for clarity and is invisible
in the X-ray crystal structure of 1BKV.)
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